We developed a new diagnostic method by using a laser beam. A tooth surface is irradiated by the zonal laser beam from an oblique direction, and then the irradiated laser beam line is shifted along the height of the tooth according to gear rotation. The variation of the voltage proportional to laser reflection between initial and present conditions are compared, and the condition of the tooth surface can be diagnosed for things such as initial or abnormal abrasion, pitting, etc. Furthermore, we developed a method of automatic and remote damage diagnosis on a gear tooth surface according to various gear specifications by using the angle-distance relation map which made from pre-measured data of same material and heat treatment, and taking into account the influence of adjacent teeth. The measured data agreed well with the predicted data made with this method, therefore we can diagnosis the condition of various products automatically.
Introduction
In recent years, the needs of machine maintenance have led to demands of remote diagnostic techniques for gear-teeth. Different maintenance methods have been developed to diagnose damage to the gear-tooth surface using different techniques involving, for example, acoustic emission [1] , sound [2] , tooth root strain [3] and vibration [3] [4] . However, for early detection of gear-tooth abnormalities, such diagnostic methods are not optimum. If the damaged tooth can be detected, it is difficult to grasp the damaged area on the tooth surface in detail. To address this problem, we developed a method that uses a laser beam to perform a remote diagnosis [5] and verified that it accurately diagnoses gear tooth surface abnormalities of a lubricated gear in a practical gearbox. We also developed a real-time pit-detection algorithm with the objective of creating an automated gear-tooth diagnosis system [6] . Our method was compared between the measured reflection data and before damage data or mean data of measured all teeth. However, in some cases, it might be difficult to have a chance to measure the initial data before damage. Furthermore, if all teeth have damage at almost same place on each tooth surface, the computer recognized the damaged shape as normal. To resolve these issues, we suggested a novel diagnosis method to predict the normal reflection data and compare the measured data. In this paper, we discuss a new method of automatic and remote damage diagnosis on a gear tooth surface according to various gear specifications by using the angle-distance relation map which is made from pre-measured data of a same material and heat treatment, and taking into account the influence of adjacent teeth. 
Nomenclature

Laser-scattering damage diagnosis method and automated gear-tooth diagnosis system
Our method can be explained using Fig. 1 . First, a gear-tooth surface is irradiated at an oblique angle by a lined laser beam, as shown in Fig. 1(a) . Owing to the rotation of the gear, the irradiated zone is scanned, as shown in Fig. 1(b) . The laser reflects both specularly and diffusely from the gear-tooth surface, and as the pitting on the surface increases, the diffuse reflection (i.e., scattering) increases at the expense of the specular reflection. The optical detector detects a portion of the scattered laser light and converts it into a proportional voltage, which is read out in real time (i.e., as the gear is rotating) and from which the location of the damage on the tooth surface may be derived from the angle of the rotating gear.
Consider the angle θ g , which is the angle through which the gear rotates to reach an arbitrary point P 0 on the gear tooth from the point where the laser beam irradiates the base circle (see Fig. 2 ). This angle θ g may be defined as
When a damaged point on a gear-tooth surface is detected, θ g for this point can be determined from the laser-scattering data. Once θ g is known, R can be calculated from Eq.
(1). By using the result of R, the damaged point on the gear-tooth surface can be expressed as a distance l inv from the base circle:
In Fig. 2 , the distance between a laser sensor and tooth profile curve of the targeted gear is defined as l, the irradiated angle is θ 3 , the irradiated point is P 0 (x 0 , y 0 ).
By comparing the initial and current laser-scattering data, we can estimate the tooth-surface conditions and detect anomalies such as initial or abnormal abrasion, pitting, and spalling. Therefore, the variations of laser reflection between the initial and the present conditions can be compared, and we can estimate conditions on the tooth surface such as initial or abnormal abrasion, pitting, spalling, etc. from these results. Figure 3 shows the diagnosis apparatus utilizing a bench lathe and hardware configuration of the automated gear-tooth diagnosis system. This system controls the rotation of a gear and which can obtain the voltage data proportional to reflection intensity, corresponding to the rotation angle automatically. By using this system, the data can eliminate the influence of rotational fluctuation and can be utilized for the diagnosis using wavelet transform [7] .
Pitting on tooth surface
Laser irradiator and receiver 
How to make a benchmark of the diagnosis
To make a benchmark of the diagnosis, we suggested two methods; one is to use mean data of all measured teeth and the other is to use a basic-data map of reflection intensity corresponding to the distance l and irradiating angle of the laser beam θ 3 as shown in Fig.   2 . The former is easy to make and able to adapt various specifications of a gear without preparing. However, when all teeth of the targeted gear have damage of almost the same size at any same point, it cannot detect this damage. On the contrary, the latter is necessary to prepare the pre-measured data to create the map. However, if we can know the spec of the targeted gear previously, this method can adapt various specifications of a gear and can diagnose without the influence of the common tendency of the all teeth. Therefore, to diagnose precisely, it is important to prepare the benchmark made of the basic-data map of reflection intensity.
The method to make the benchmark is as follows:
1) The distance between a laser sensor and tooth profile curve of the targeted gear l, and the angle between the laser beam and the tangent line at the irradiated point on the tooth surface θ 3 are calculated along the shifting irradiated point.
2) By using a master gear (which stands for a non-damaged, same material, same heat treatment, and same surface roughness gear. But size is not a concern as the calculations are done geometrically.) The reflection intensity corresponding to the distance l and irradiating angle of the laser beam θ 3 is measured, and a three-dimensional data map (x-axis: l [mm], y-axis: θ 3 [deg], z-axis: reflection intensity [V]) is created.
3) By using the three-dimensional data map, the approximated equation of three parameters is made, and the adequate values of each distance and angle along the shifting irradiated point are input. Then the voltage proportional to the reflection intensity along the shifting irradiated point can be predicted. It is defined as the benchmark of the diagnosis for the targeted gear.
Derivation of the distance and angle of the laser beam from the tooth profile curve
When the specifications of the targeted gear are known, the tooth profile curve (involute curve) can be expressed as follows [7] :
where P i (x i , y i ) means the coordinates of the tooth profile curve as shown in Fig. 4(a) , and q is . And the fillet curve can be expressed as follows:
where P f (x f , y f ) means the coordinates of the fillet curve, e is the radius of the tip of the cutter, χ is addendum modification coefficient, and
as shown in Fig. 4 , respectively.
In the case of semi-topped tooth profile, according to the standard style as shown in Fig. 5 , it is expressed as a linear curve. The tip surface of the tooth can also be approximated as a linear curve, in range of the angle ζ k , which is the center angle of tip surface width. ζ k can be expressed as In the case of the apparatus shown in Fig. 3(a) , θ 3 is as 
Measurement device to create a basic-data map of reflection intensity using a gear
To create a basic-data map of reflection intensity corresponding to l and θ 3 , it is necessary to measure the voltage proportional to the reflection intensity by using a master gear. We developed the device to be able to measure the voltage corresponding to the value of l and θ 3 as shown in Fig. 7 . This device can be used for a gear whose r a is 20 to 60 
How to use of basic-data map of reflection intensity
By using the data measured with the device as shown in Fig. 7 , the basic data map as shown in Fig. 8 can be created. For instance, in the case of the gear whose specifications are shown in Table 1 , the method of use of the basic-data map (Fig. 8 ) is as follows: To approximate the map precisely, we derived two polynominal expressions to calculate the reflection intensity as a function of l and θ 3 , and averaged those results.
At first, an approximated curve of polynominal expression as a function of l is as follows: On the other hand, an approximated curve of polynominal expression as a function of θ 3 is as follows:
where
Finally, by inputting each result of Eqs. (6) and (7) into Eq. (8), the voltage proportional to reflection intensity can be calculated. Table 1 ) 
Comparison the reflection intensity data between calculated benchmark and measured data
From the result of calculated data as mentioned in the previous chapter, we verified the validity of the method of diagnosis. The specifications of the test gear are the same as shown in Table 1 , and the reflection intensity was measured. The result is plotted with a blue line (Measured data (1)) in Fig. 9 along from root to tip. This is one tooth data in 24 teeth, and these were averaged from data that was measured three times respectively. In the range between 5 to 8 [deg], the line is approximately flat, because this line is the minimum of the sensor output. On the contrary, calculated data is plotted with an orange dotted line (Calculated data (1)) in Fig. 9 . By comparing this data, the difference is expanded according to coming close to the root of the gear. From this phenomenon, we hypothesized that the interference by an adjacent tooth of measured surface side. We cut off two teeth as shown in Fig. 9 , and measured again, and then the light blue dashed and single-dotted line (Measured data (2)) was obtained. Measured data (2) agreed well with Calculated data (1), and the validity of our hypothesis was confirmed.
However, most of all gears utilized in various industrial devices have an adjacent tooth. Therefore the difference of the measured reflection intensity data between normal gear (Measured data (1)) and after cut off teeth gear (Measured data (2)) was calculated for Tooth No. 1, 2, and 3 (Fig. 10) . From the results in Fig. 10 , these have almost the same tendency. Furthermore, by using this average graph, the ratio of the difference of measured reflection intensity corresponding to the rotation angle of the gear was calculated and modeled as shown in Fig. 11 . By subtracting according to the ratio from the measured data, Calculated data (2) was created as shown in Fig. 9 . The result also agreed well with Measured data (1). On the boundary from tooth surface to tip area, calculated data suddenly decreased. However, measured data gradually decreased, because the laser beam has a width. As a future work, it has to be taken into account the influence of it.
Estimating the state on a tooth surface of various gear specifications
The experiment of estimating the state on a tooth surface of various gear specifications using a basic-data map and the ratio of the difference of reflection intensity was carried out. The specifications of two test gears are as shown in Table 2 . The material and grade is the same as the master gear as shown in Table 1 , and all gears are not treated with heat. Figures 12 and 13 show the comparison the results of Test gear 1 and 2 between measured data and calculated data. Both measured results agreed well with the calculated data, especially in the range from root to tip of the gear, even though their module and number of teeth are different. Therefore, this calculated data has a prospect to be able to be used as a benchmark for estimating or diagnosis on the tooth surface. From the viewpoint, the tooth surfaces near the tip of both test gears are rough, because these areas of measured data have a waving tendency. The relation between this waving of reflection intensity and roughness are under investigation. 358 Fig. 10 Measured data of the difference of reflection intensity for normal gear and after cut off gear 
Damage Diagnosis using Benchmark
Finally, by using the benchmark which was made by our developed method, we suggested a novel diagnosis method. The procedure of the method is as follows:
1) The benchmark is made from the targeted gear's specifications.
2) To take into account the fluctuation of the benchmark line influenced by the
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3) The normal condition area and measured data is compared, if the measured data deviates from the normal condition area, that area is defined as the abnormal area possible to be damaged.
To confirm the validity of this diagnosis method, the experiment of the comparison between directly measured damage size and diagnosed data calculated as mentioned above. At first, we hit the gear with a centerpunch to create damage on a tooth surface as shown in Fig. 14. The damage located on the tooth surface from the tip by 1.50 [mm] , and whose diameter was 0.50 [mm] , which data were measured with a caliper. On the contrary, the measured and calculated normal data (benchmark) was compared as shown in Fig. 15 . As mentioned above, the normal data area was defined as in the range between -0.05 V and +0.05V of the benchmark line, therefore the protruded area could be diagnosed from 13.0 to 14.3 [deg] . By using Eqs. (1)(2), the length of the damaged area can be diagnosed as 0.53 [mm], which is located by 1.23 [mm] from the tip. The errors of the area and the location were 6 [%] and 18 [%] . Furthermore, other two damaged areas on each tooth were also diagnosed as shown in Table 3 , and whose location errors were within 20 [%] . Therefore, the method using the benchmark data can confirm the validity from these results. 
Conclusions
We developed a new method of diagnosis on a gear tooth surface by using a three dimensional basic-data map and the ratio of reflection intensity corresponding to the point of the gear surface. By using this method, the benchmark data for estimating the tooth surface was created and compared to the measured data. As a result, we can confirm the validity of this method for various specifications of a gear.
